Abstract Dissolved oxygen (O 2 ) is essential for the survival of marine animals. Climate change impacts on future oxygen distributions could modify species biogeography, trophic interactions, biodiversity, and biogeochemistry. The Coupled Model Intercomparison Project Phase 5 models predict a decreasing trend in marine O 2 over the 21st century. Here we show that this increasing hypoxia trend reverses in the tropics after 2100 in the Community Earth System Model forced by atmospheric CO 2 from the Representative Concentration Pathway 8.5 and Extended Concentration Pathway 8.5. In tropical intermediate waters between 200 and 1,000 m, the model predicts a steady decline of O 2 and an expansion of oxygen minimum zones (OMZs) during the 21st century. By 2150, however, the trend reverses with oxygen concentration increasing and OMZ volume shrinking through 2300. A novel five-box model approach in conjunction with output from the full Earth system model is used to separate the contributions of biological and physical processes to the trends in tropical oxygen. The tropical O 2 recovery is caused mainly by reductions in tropical biological export, coupled with a modest increase in ventilation after 2200. The time-evolving oxygen distribution impacts marine nitrogen cycling, with potentially important climate feedbacks.
Introduction
Hypoxia, often defined as dissolved oxygen (O 2 ) concentrations below 60 μM, is detrimental to many marine organisms. Increased hypoxia driven by climate change and nutrient loading is one of the most widespread negative human impacts on estuarine and marine environments (Prince et al., 2010) . A global expansion of suboxic (O 2 < 8.8 μM) zones under a warming climate could lead to increasing losses of fixed nitrogen by denitrification and anaerobic ammonium oxidation and increasing production of N 2 O in oxygen minimum zones (OMZs; i.e., Gruber & Galloway, 2008; Moore & Doney, 2007) . Loss of fixed nitrogen could reduce oceanic productivity and global export production, thus weakening the biological carbon pump. Together, increasing denitrification and a weakening biological pump would contribute to a positive feedback to the climate system by enhancing the atmospheric buildup of N 2 O and CO 2 , both of which are important greenhouse gases (Gruber & Galloway, 2008; Wright et al., 2012) . Furthermore, hypoxia-based habitat compression will reduce available habitat for tropical pelagic fishes with potentially negative impacts on commercial fisheries (Gilly et al., 2013; Stramma et al., 2011) . The deleterious physiological influences of deoxygenation will be amplified by warmer temperature and by an accompanying decrease in pH driven by the invasion of anthropogenic CO 2 in the ocean (Brewer & Peltzer, 2009; Cocco et al., 2013; Deutsch et al., 2015) . matter drive rapid O 2 consumption. As a consequence of increases in ocean heat content driven by climate warming, the loss of dissolved O 2 (deoxygenation) and the associated expansion in the volume of hypoxic waters have received considerable attention (Keeling et al., 2010) . Analyses of in situ O 2 measurements provide quantitative evidence for widespread deoxygenation during the latter part of the 20th century (Bograd et al., 2008; Helm et al., 2011; Stramma et al., 2010; Takatani et al., 2012; Whitney et al., 2007) . Global oceanic oxygen content has decreased by more than 2% (4.8 ± 2.1 Pmol) since 1960 (Schmidtko et al., 2017) . The expansion of OMZs has also been documented with geographically limited but well-sampled observations (Stramma et al., 2008) .
Complementing the observations, the Earth system models (ESMs) that participated in the Fifth Phase of the Coupled Model Intercomparison Project (CMIP5) consistently projected a 21st century decrease in global mean oxygen concentration for Representative Concentration Pathway 8.5 . Reduced solubility due to warming of surface waters is a dominant driver for this decreasing trend through 2100. A suite of seven ESM simulations for the period between 1870 and 2100 (Cocco et al., 2013 ) also show a mean decrease in O 2 of the upper layer (100-600 m) of the tropical ocean.
Given current trends in fossil fuel emissions and the slow transition to decarbonization, CO 2 levels are likely to continue to increase in the near future (Friedlingstein et al., 2014) . Even with success in stabilizing or reducing emissions, climate carbon feedbacks and other slowly changing processes may contribute to additional in-the-pipeline warming (Hansen et al., 2005) and increases in ocean heat content that persist for many centuries (England et al., 2015) . The solubility-driven decline of O 2 is therefore expected to continue far into the future, especially considering the long timescales with which the ocean responds to perturbations. Deutsch et al. (2014) showed that the eastern tropical Pacific, unlike the rest of the ocean, has been oxygenating over the last century, which they attribute to regional wind forcing effects on local production. Nevertheless, the volume of hypoxic waters is expected to expand with global warming, but the volume change of suboxic waters is more complicated and potentially sensitive to changes in subtropical ventilation rates (Gnanadesikan et al., 2012) and lateral transport of nutrients and oxygen from the Southern Ocean (Keller et al., 2016) and to changes in the export of particulate organic matter (Matear & Hirst, 2003) . For example, Yamamoto et al. (2015) found that oxygen levels in the deep oceans recovered globally after 500 years in a coupled climate simulation because of strengthening deep convection in the Weddell Sea that enhances the supply of oxygen-rich waters to the deep ocean.
It is challenging for current ESMs to accurately simulate the volume and distribution of the lowest oxygen waters in the OMZs. Small model biases in simulated oxygen or temperature are amplified in terms of the volume of OMZ waters. Deutsch et al. (2011) estimated that a 1°C warming throughout the upper ocean will result in a 10% increase in the areal extent of hypoxic zones and a threefold increase in the volume of suboxic waters. Oxygen concentrations are a function of biological export and consumption but also the circulation and mixing processes that ventilate these middepth waters, mainly by exchange with surface waters at high latitudes. Relatively small biases in any of these processes can result in substantial biases in the simulated OMZ volume and spatial distribution.
A significant challenge in simulating ocean interior O 2 is related to the inability of relatively coarse resolution ocean circulation models to resolve the observed subsurface equatorial zonal jets. These zonal jets alternate in flow direction and lead to considerable zonal tracer transport near the equator, strongly impacting biogeochemistry by transporting oxygen from the west side of each basin to the east side and also by transporting nitrate, phosphate, and other nutrients from east to west (Duteil et al., 2014; Getzlaff & Dietze, 2013) . In each case the net flux is down a strong zonal gradient. Zonal gradients in temperature and salinity are much weaker at these latitudes, perhaps lessening the impetus for physical climate modelers to seek parameterizations of the unresolved jets that might alleviate the models' biogeochemical deficiencies. The strong zonal oxygen gradients suggest that these equatorial jets play an important role in the ventilation of the lower oxygen waters found on the eastern side of each ocean basin (Duteil et al., 2014) . In coarse resolution models, additional potential sources of oxygen bias include the lack of mesoscale eddies (Bettencourt et al., 2015; Gnanadesikan et al., 2013) and inaccurate representation of isopycnal mixing (e.g., Cabré et al., 2015; Lachkar et al., 2016) .
In a study focusing on OMZs in the tropical Pacific Ocean, the Community Earth System Model version 1.0 with biogeochemistry (CESM1(BGC)) was shown to be among the best of 11 ESMs in representing hypoxic zones at different oxygen thresholds, although all models had considerable biases . Many of the ESMs participating in CMIP5 did not simulate changes in the Earth system beyond the year 2100, and consequently, longer-term changes in O 2 and hypoxic volumes have not been systematically explored with fully coupled models.
In a simulation with the CESM1(BGC) to the year 2300, here we find an unexpected reversal of increasing hypoxia trends during the 22nd century in tropical intermediate waters. Possible contributors to this reversal include changes in lateral and vertical transport of oxygen from waters ventilated predominantly at higher latitudes and changes in O 2 consumption from shifts in export production. Tropical export production does decline, driven initially by increasing stratification that weakens the flux of nutrients from below (Fu et al., 2016; Moore et al., 2013) , but after 2100 subsurface macronutrient concentrations steadily decline, driving further reductions in biological productivity (Moore et al., 2018) . The declining tropical nutrient concentrations are driven by nutrient trapping in the Southern Ocean and an associated global-scale redistribution of nutrients, with a net transfer from the upper ocean to the deep ocean (Moore et al., 2018) .
To quantitatively assess the relative importance of the different drivers of tropical oxygen distributions, we develop a new box-model framework for use in conjunction with output from ocean biogeochemical models. The box model analysis highlights the critical interplay between changing tropical export production and 
Methods
The structure of the CESM1(BGC) model and many aspects of its behavior have been documented in a number of papers describing ocean physics (Danabasoglu et al., 2012; Gent et al., 2011) , ocean biogeochemistry (Moore et al., 2013) , and carbon cycle processes (Lindsay et al., 2014) . The ocean biogeochemical component simulates multiple plankton functional groups, multiple potentially growth-limiting nutrients (N, P, Fe, and Si), and explicit simulation of the CO 2 system and oxygen cycling, including air-sea gas exchange (Moore et al., 2004 (Moore et al., , 2013 . Water column denitrification is initiated where oxygen falls below 7 μM, with denitrification and no oxic remineralization below 5 μM. Additional documentation and all model source codes are available online (www2.cesm.ucar.edu). We use the World Ocean Atlas 2013 oxygen data, modified with the linear correction of Bianchi et al. (2012) , hereafter referred to as the WOA2013m, to evaluate the simulated oxygen distributions. We define the OMZs using a threshold oxygen concentration of 20 μM (Paulmier & Ruiz-Pino, 2009 ) for comparing the CMIP5 models with the WOA2013m. We also examine the CESM results using a range of threshold values, including the lower values that determine denitrification locations in the CESM.
We conducted a long-term simulation with CESM1(BGC) from 1850 to 2300. The prescribed atmospheric CO 2 time series consisted of three fused segments corresponding to historical, Representative Concentration Pathway (RCP) 8.5, and Extended Concentration Pathway (ECP) 8.5 mole fractions. CO 2 mole fractions increased from approximately 285 ppm in 1850 to 1,962 ppm in 2300. All of the other anthropogenic atmospheric forcing terms for this scenario were also radiatively coupled. These forcing agents included CH 4 , N 2 O, chloroflourocarbons, O 3 , aerosols, and aerosol deposition on snow. A more detailed description of the simulation, including changes in surface air temperature and carbon cycle processes, can be found in Randerson et al. (2015) . The initiation of Southern Ocean nutrient trapping and the resulting large-scale nutrient redistribution and associated influences on biological productivity were described by Moore et al. (2018) . Here we document how oxygen concentrations in tropical intermediate waters are influenced by these productivity shifts.
A quantitative partitioning of the importance of biological and physical mechanisms on the simulated trends in tropical hypoxia requires the information of both advective and diffusive flux of dissolved oxygen through the boundary of the control volume and the rate of oxygen utilization inside the control volume. While the advective fluxes can be computed from all the CMIP5 model outputs, the . CESM1(BGC) = Community Earth System Model version 1.0 with biogeochemistry.
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Global Biogeochemical Cycles diffusivity is typically not available for any of the CMIP5 models. Without the diffusivity, we are unable to compute the residence time of water inside the control volume and therefore unable to integrate the total impact of the oxygen utilization rate on the dissolved oxygen concentration inside the control volume.
To separate biological mechanisms from the physical ventilation by vertical and lateral O 2 transport, we developed a novel box-modeling framework. For this we constructed a diagnostic box model of the key processes with parameters calibrated objectively using available output from the full CESM. The model 
Global Biogeochemical Cycles consisted of five boxes (Figure 1 ). The center box was defined to comprise our region of interest, tropical intermediate waters, spanning 30°S-30°N, and a depth range of 200-1,000 m. Boxes 1 and 2 were defined as comprising water masses between 30 and 35°in the Southern and Northern Hemispheres along the ventilation pathways for the center box. Boxes 1 and 2 were bounded by two isopycnals marking the upper and lower boundary of the center box (σ = 25.8 and 27.4 kg/m 3 in 1850 and gradually changing as the ocean warms to σ = 24.1 and 26.8 kg/m 3 in 2300). We assumed the major ventilation from high latitudes to the south and north occurred by means of flow between these two isopycnals. Boxes 3 and 4 were used to constrain vertical exchange from above and below, respectively. Box 3 spanned the latitudinal band between 30°S and 30°N and the depth range of 0-200 m, whereas Box 4 spanned the same latitudinal band but was restricted to the depth range of 1,000-1,500 m.
The concentration of a given tracer (C) in the central box can be expressed as follows:
where C 1 , C 2 , C 3 , and C 4 are the tracer concentrations in the neighboring boxes, k 1 , k 2 , k 3 , and k 4 are the exchange rate coefficients that parameterize the transport between the tropical box and the four neighboring boxes, and the term SMS(C) represents the internal difference between sources and sinks in the center box. The tracer concentrations in each of the boxes and SMS terms can be computed directly from CESM1(BGC) output at a yearly temporal resolution. Time-evolving k values must be diagnosed from a combination of available CESM1(BGC) tracers. One advantage of the box model was that it allowed us to hold individual terms (mechanisms) constant in a series of counterfactual experiments.
We used five tracers from CESM1(BGC) to calibrate the box model's four exchange rate coefficients (k 1 , k 2 , k 3 , and k 4 ). The governing equation for the box-averaged concentration of the five tracers in the center box can be expressed in matrix form as follows: consumption rate in the central box caused by the respiration of organic carbon, D is denitrification rate, r O2 : P (=170) and r NO3 : P (=120) are the stoichiometric ratios between O 2 and NO 3 to PO 4 associated with organic matter regeneration and denitrification, respectively. In the box model, all the terms except for the k were computed directly from CESM1(BGC) at a yearly temporal resolution. We diagnosed timeevolving annual k values by solving a nonnegative least squares problem for each of the 450 years in our simulation. With five equations and only four unknowns, there was some redundancy in the system that ensured robustness of our results. We tested the fidelity of our inferred exchange coefficients by applying them to dissolved inorganic carbon (DIC), a tracer that was not used for the calibration, and obtained reasonably good agreement with the CESM1(BGC) DIC time series in tropical intermediate waters. With these exchange rates, initial conditions from CESM1(BGC) for the central box in 1850, and time evolving tracers in the neighboring boxes, the model was used to predict the time evolution of the five tracers in the center tropical box. The time series of each of these tracers closely matched the original time series from the fully coupled model (Figure 2 ).
The reciprocal of the instantaneous loss frequency due to water mass transport from the central box to the neighboring boxes 1/(k 1 + k 2 + k 3 + k 4 ) is as a measure of the instantaneous mean residence time in the tropical box. The respiration of sinking particulate organic carbon (POC) into the middle box from the surface layer (box 3) during periods of relatively larger residence times (i.e., during periods with weaker ventilation) had a comparatively larger impact on the mean oxygen concentration in the box than export that occurred during periods with shorter residence times.
Results
We compared oxygen concentration and hypoxic volumes from the CMIP5 models for the decade for which we have observations (1990s) with the WOA2013m data set (Table 1 ). In the tropical ocean between 30°S and 30°N and for a depth range between 200 and 1,000 m, the mean O 2 concentration in CESM1(BGC) was 137 μM, which was somewhat lower than the observed concentration of 151 μM and on the low end of the 134.6 to 170.6 μM range across the CMIP5 models. . For a threshold of 20 μM, the CESM1(BGC) OMZ volume was high by a factor of 2.4 (Moore et al., 2013) and close to the multimodel mean from CMIP5 ( Figure 3 , Table 1 ). For an oxygen threshold of 5 μM, below which water column denitrification controls remineralization in the model, the simulated volume from CESM1(BGC) was about an order of magnitude higher than the observations. CMIP5 model estimates varied by over two orders of magnitude for the volume of these most hypoxic waters (Table 1) , highlighting the complex modeling challenges of properly representing the balance between biological export and ventilation in these regions.
In the tropical Pacific, OMZs in some of the CMIP5 models extended too far to the west or were much deeper than observed (GFDL, MPI, CESM1(BGC), and NorESM). In other models, the simulated OMZs were much smaller than observed (IPSL and HadGEM2; Figure 3) . None of the models reproduced the observed 
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Global Biogeochemical Cycles asymmetric OMZ areas across the equator in the Pacific. Despite the large intermodel discrepancies, the ESMs projected similar declining trends for O 2 changes by 2100 relative to 1990s. O 2 decreased by 3.5-8% in these models, while hypoxic volumes expanded for most of the models (Table 1) .
The Reversal of Tropical O 2 Declines
Oxygen concentrations in the upper ocean are generally elevated at high latitudes, near the ventilation zones where the ocean subsurface waters connect with the atmosphere. Conversely, oxygen concentrations in the low latitudes are much lower, due to consumption as water travels from the surface ventilation regions (Getzlaff et al., 2016; Keller et al., 2016) . The CESM1(BGC) was able to capture this large-scale meridional and vertical structure of O 2 in the upper ocean for the current era (Figure 4) . From 1990 through the end of the 21st century, CESM1(BGC) predicted decreasing O 2 in tropical intermediate ocean waters (Figure 5a ), consistent with most of the ocean biogeochemical models participating in CMIP5 (Table 1) . Beyond 2100, however, the decreasing trend in O 2 did not persist. By 2150, mean oxygen concentration in tropical intermediate waters reached a minimum value and subsequently increased over the next 150 years with the concentration still increasing linearly by the end of the simulation in year 2300 (Figure 5a ).
The reversal in tropical oxygen concentrations and OMZ volume occurred even though ocean temperatures continued to steadily warm during the 22nd and 23rd centuries (Figure 5b ), reducing solubility. Globally, the change of ocean heat content was linearly related to the change in the mean O 2 concentration. However, in the middepth tropical ocean, we observed a clear reversal in oxygen concentration, despite the ongoing ocean heat accumulation (Figure 5c ).
The volume of the tropical OMZs mirrored the changing interior O 2 levels, with a maximum volume observed during the latter part of the 22nd century, followed by a decreasing trend during the 23rd century (Figure 5a ). Using different O 2 thresholds to define the OMZ volume (from 60 to 5 μM) revealed that the timing of peak volume depended on O 2 concentration (Figure 5d ). Thresholds corresponding to higher O 2 concentrations encompassed larger water volumes, spread over a greater areal extent, including regions like the western Pacific where minimal water-column oxygen fell below 60 μM, but never reached values below~20 μM. Since surface warming caused more intense solubility-driven O 2 losses for these water masses, the timing of the peak OMZ volume was delayed relative to water masses with O 2 thresholds corresponding to very low concentrations. The lowest O 2 waters (<10 μM) were concentrated at low latitudes in or near the present day OMZs and often extending to a 1,000-m depth.
Two other ESMs reporting results for the ECP8.5 scenario (Caesar et al., 2013; Giorgetta et al., 2013) displayed similar oxygen reversals although the timing and magnitude varied (Figure 6 ). The model-to-model differences in the timing and magnitude of the reversal were likely caused by small differences in the changing rates of tropical export production and ventilation and differences across models in the initial location and size of the poorly ventilated ocean regions (Figure 3 ; Cabré et al., 2015) .
Physical and Biological Drivers of the Oxygen Reversal 3.2.1. Physical Drivers
By physical drivers we refer to the influence of climate change on the ventilation of tropical intermediate waters, apart from any changes in biological production or oxygen consumption. The meridional overturning at 30°S (averaged 29°S-31°S, 200-1,000 m) steadily declined during the 21st and 22nd centuries, reaching a minimum around the year 2200 (Figure 7a ). After 2200, southern meridional overturning recovered slightly, suggesting a weak increase in ventilation of the low-latitude thermocline during the final century of the simulation. Stratification (Figure 7b ) increased initially as surface waters warmed but stabilized and then slightly weakened further into the future as the heat pulse from the anthropogenic warming propagated further into the ocean interior (Figure 7c ). In the tropical ocean, the density change was mostly controlled by the temperature. Before 2150, the surface temperature increases more rapidly than the subsurface temperature, so stratification is enhanced because the density gradient between 200 m and surface increased. At 2150, the surface temperature increase levelled off while the temperature at 200 m was still rising, which reduces the density gradient and resulted in the turnaround of the stratification (Figure 7c ).
Biological Drivers
Stratification of tropical surface waters increased moderately through the year 2150 and then slowly decreased during the remaining 150 years of the simulation. Mean equatorial upwelling rate declined modestly (about 6% by 2150), then increased slightly over the remainder of the simulation (Figure 7b) . However, the tropical POC flux, apparent oxygen utilization, and phosphate concentrations all declined monotonically through 2300 (Figures 7d and 7e) . POC flux declined nearly everywhere north of the Southern Ocean, as upper ocean phosphate concentrations declined steadily (Figure 8a ). The reduced export flux at low latitudes decreased oxygen consumption in tropical intermediate waters, contributing to the increasing oxygen concentration trend after 2150 (Figure 5a ), even as high latitude oxygen concentrations declined steadily (Figure 8b ).
The long-term decline in tropical export production was driven initially by increasing stratification (and weakly decreasing tropical upwelling) during the 21st and 22nd centuries (Figure 7b ). This pattern was common across the CMIP5 models during the 21st century Fu et al., 2016) . Increases in Southern Ocean productivity were well documented in CMIP5 model simulations to 2100, when the models are forced with high levels of greenhouse gas emissions Fu et al., 2016; Leung et al., 2015) . In our simulation the increases in Southern Ocean productivity intensified after 2100 (Figure 8a ). The resulting Southern Ocean nutrient trapping reduced the northward transfer of nutrients into the tropical thermocline within Antarctic intermediate and subantarctic mode waters, depleting upper ocean nutrients throughout the low latitudes (Moore et al., 2018) . Antarctic intermediate water and subantarctic mode water are the main conduit of nutrients from the Southern Ocean to the upwelling regions of the equatorial Pacific and off the coast of South America (Drijfhout et al., 2005; Marinov et al., 2006; Toggweiler et al., 1991) . Thus, the large-scale circulation yielded a teleconnection between biological production in the Southern Ocean and the biological pump in the tropical oceans (Moore et al., 2018) . This mechanism draws upon previous modeling analyses that show reducing preformed nutrients in the Southern Ocean subducting water masses cause a reduction in production and export throughout the low latitudes by modifying low-latitude thermocline nutrient concentrations (Marinov et al., 2006; Primeau et al., 2013) . Declining POC flux (Figure 6 ) also played a role in the oxygen reversal in the other ESMs, also driven by Southern Ocean nutrient trapping and a very similar net transfer of nutrients to the deep ocean (Moore et al., 2018) . Productivity increases in the Southern Ocean also affected the O 2 concentration of the Antarctic intermediate and subantarctic mode waters (Figure 8b) , which impacted the oxygen transport from high latitudes to the tropical ocean even when the circulation was not changed. The relative importance of O 2 transport and the change of tropical export production will be quantified with the box model in the next section. 
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Relative Impacts of Ventilation and Biological Export on the Oxygen Reversal
Before about 2125, tropical O 2 in CESM1(BGC) was below what was expected from solubility impacts alone, indicating that the combined effect of changes in tropical export production and changes in the physical transport of O 2 reduced tropical O 2 concentrations (Figure 9a ). After 2125, however, the combined influence of changes in tropical export production and O 2 transport were more than enough to offset solubilitydriven declines.
The box-model equations (with calibrated k values) allowed us to separate the impacts of ventilation and changing tropical POC export on mean oxygen concentrations in the intermediate waters of the tropical ocean. In Figure 9b , the "full box model" simulation reproduced the O 2 change in CESM very well with time-varying parameters. We first isolated the influence of changing tropical export production by fixing the interior respiration rate, R, at 1850 levels and then comparing the resulting O 2 concentration in the center box with estimates from the full box model simulation. The O 2 difference was thereby due to the changing export production. Similarly, we were able to isolate the impact of changing circulation by fixing the k to their 1850 values and again comparing the resulting O 2 concentration to that of the full box model (Figure 9b) . (Figures 7a and 7b) , followed by a partial increase in ventilation rate caused by increasing winds and a reversal of the trend in the Southern Ocean meridional overturning circulation (Figure 7a) . From the box model, the ventilation with water masses in the Southern Hemisphere was dominant as revealed by the exchange rate (Figure 9d ) while the local vertical ventilation was more sluggish. Thus, we do not find evidence of enhanced local ventilation of these waters from above, as seen in previous work (Gnanadesikan et al., 2007) . There is some increased O 2 input from the north of our tropical box over the latter part of the sinulation (Figure 9d ), driven in part by declining export production north of the tropics (Moore et al., 2018 ).
The box model experiments indicated that the impact of changing tropical export production begins to level off by 2300 as the POC export flux stabilizes. Our analysis also highlighted how warming-induced solubility changes, in the absence of changes in the biological pump or ventilation, would cause a significant decline O 2 after 2100 (Figure 9a ) from sustained increases in tropical ocean heat content (Figure 5c ).
Implications for Marine Biogeochemistry and Climate Change
Background O 2 levels in the tropics were considerably lower than at high latitudes, and much of the world's OMZs reside between 30°N and 30°S (Figures 3-5 ). Defined according a threshold of 20 μM, the OMZ volume leveled off by year 2150 and then slowly declined (Figure 5a ). However, water masses with the lowest O 2 concentrations had an even stonger sensitivity to the impacts of sustained climate warming (Figure 5d ). The volume of OMZ regions with O 2 concentrations less than 7 μM, where denitrification occurs in CESMl, declined below pre-industrial levels by 2200 (Figure 10 ). These changes in OMZ volume had a considerable impact on denitrification in CESM, with average rates for the tropical intermediate waters also decreasing below pre-industrial levels by 2150 (Figure 10 ). The temporal pattern of declining nitrogen fixation over the simulation closely tracked the declines observed in tropical surface phosphate concentration and tropical POC export (Figures 7 and 10) . The difference between denitrification and N 2 fixation is about 35 Tg N/year. This could on a global scale increase nitrogen limitation and reduce total export production. There are also negative feedbacks between nitrogen fixation and denitrification that operated to minimize large imbalances in these key source and sink terms for fixed nitrogen in the oceans (i.e., Moore & Doney, 2007) . So nitrogen fixation declined, in part, in response to increasing phosphate stress, but it was also dampened by the declining water column denitrification rates that raised nitrogen to phosphorus ratios in subsurface and, ultimately, surface waters. However, the processes of nitrogen fixation and denitrification are tempospatially disconnected, and the rate of accumulation or the loss of nitrogen in the ocean is also regulated by the physical transport by which these regions are connected. In the modern ocean, it takes hundreds of years for the subtropical Atlantic water with significant nitrogen fixation to be transported to the low middepth Pacific basin, which may lead to the potential for delayed responses in the feedback loop (Gruber, 2004; Moore & Doney, 2007) and even to oscillatory behavior.
Decreases in tropical denitrification and global nitrification to well below pre-industrial levels suggest the potential for a negative climate feedback caused by the expected decline in marine sources of N 2 O. Presently, N 2 O is rapidly increasing in the global atmosphere, primarily because of the use of fertilizers and an acceleration of the nitrogen cycle on land, which contribute to emissions of about 7 Tg N 2 O-N/year (Ciais et al., 2014) . The flux of N 2 O from the oceans to the atmosphere is estimated to be about 4-6 Tg N 2 O-N/year (Bianchi et al., 2012; Manizza et al., 2012; Nevison et al., 1995 Nevison et al., , 2003 Saikawa et al., 2014; Suntharalingam & Sarmiento, 2000; Zamora & Oschlies, 2014) . N 2 O was not included in our simulation but is produced during water column denitrification and nitrification in the oceans. Both denitrification and nitrification declined significantly in CESM after 2100 (Figure 10 ), by more than 28% and 40% relative to pre-industrial levels at 2300, strongly suggesting a greatly reduced ocean N 2 O source, which would offset some anthropogenic emissions on land. This outcome represents a consistent, temporal extension of earlier work indicating that near-term expansion of OMZs may serve as a positive feedback with climate warming (Babbin et al., 2015) .
In the context of interpreting the likelihood and magnitude of this long-term negative feedback, it is important to note that current-generation ESMs generally do a poor job of simulating the distribution of waters with the lowest O 2 concentrations where denitrification occurs ( Figure 3 , Table 1 ). Further, many models, including CESM, do not yet explicitly represent key processes regulating N 2 O production, oxidation, and transport. Both the representation of biogeochemistry and ocean physics need to be improved before ESMs can reliably simulate OMZ dynamics and their potential to drive both biogeochemical and climate feedbacks. While a weakening ocean N 2 O flux represents a negative feedback with climate change, other concurrent feedback pathways require further consideration, including the impacts of these nitrogen cycle dynamics on the strength of the biological pump and thus ocean-atmosphere CO 2 exchange (Gruber, 2004; Gruber & Galloway, 2008) .
Conclusions
The reversal of the O 2 decline in tropical intermediate waters and the contraction of the volume of hypoxic waters after 2100 described here have important implications for marine biogeochemical cycles, ocean ecosystems, and the climate system. The change in the volume of hypoxic waters has the potential to modify rates of N 2 O production, biological export, food web dynamics, and commercial fisheries catch (Deutsch et al., 2015) . Earlier work has documented how declining O 2 and expanding OMZ volume will likely increase oceanic N 2 O production during the 21st century (Babbin et al., 2015) , providing a positive feedback for climate warming. The tropical O 2 reversal outlined here may act to mitigate these climate feedbacks and the compression of habitable zones and seasons, both of which are critical to fisheries (Deutsch et al., 2015) . More generally, our analysis shows how rising temperatures, deoxygenation, and marine hypoxia will have complex interactions in the future, responding to the ongoing changes in circulation, ventilation, and ocean biogeochemistry. In this context, important next steps are to extend the time horizon for ocean biogeochemical analyses in ESM intercomparison projects and to improve the representation of processes regulating ocean biological responses to climate change on multicentury timescales. Global mean O 2 concentrations declined steadily, and ocean heat content steadily increases throughout our simulation to 2300, suggesting that the full response of ocean O 2 distributions to ongoing climate warming will unfold over much longer timescales than those investigated here.
